The inability of pancreatic b-cells to make sufficient insulin to control blood sugar is a central feature of the aetiology of most forms of diabetes. In this review we focus on the deleterious effects of oxidative stress and endoplasmic reticulum (ER) stress on b-cell insulin biosynthesis and secretion and on inflammatory signalling and apoptosis with a particular emphasis on type 2 diabetes (T2D). We argue that oxidative stress and ER stress are closely entwined phenomena fundamentally involved in b-cell dysfunction by direct effects on insulin biosynthesis and due to consequences of the ER stress-induced unfolded protein response. We summarise evidence that, although these phenomenon can be driven by intrinsic b-cell defects in rare forms of diabetes, in T2D b-cell stress is driven by a range of local environmental factors including increased drivers of insulin biosynthesis, glucolipotoxicity and inflammatory cytokines. We describe our recent findings that a range of inflammatory cytokines contribute to b-cell stress in diabetes and our discovery that interleukin 22 protects b-cells from oxidative stress regardless of the environmental triggers and can correct much of diabetes pathophysiology in animal models. Finally we summarise evidence that b-cell dysfunction is reversible in T2D and discuss therapeutic opportunities for relieving oxidative and ER stress and restoring glycaemic control.
Introduction
Diabetes is a spectrum of chronic disorders affecting close to 400 million people worldwide. Although the aetiology differs in the three main types of diabetes -type 1 diabetes (T1D), T2D and gestational diabetes -all feature the inability of the pancreatic b-cells to produce enough effective insulin to maintain glycaemic control. This review will explore the mechanisms by which insulin biosynthesis and secretion is impaired, focussing on the role of oxidative and endoplasmic reticulum (ER) stress in b-cell dysfunction in T2D. We first overview insulin biosynthesis and secretion, summarise the features of progression of diabetes. We then detail the significance of oxidative and ER stress in b-cell homeostasis and dysfunction, describe the drivers of stress, detail our new discovery of a previously unrecognised immune factor that protects b-cells from stress and, finally, address some key questions of importance to deepening our understanding of b-cell dysfunction and seeking effective therapeutic approaches.
Introduction to insulin biosynthesis and secretion
Pancreatic b-cells are specifically designed to sense glucose fluctuations and, in response, release the hormone insulin that drives glucose uptake in the liver, muscle and fat, thus normalising blood glucose. Insulin also has a diverse range of other related and unrelated functions including reducing hepatic gluconeogenesis both directly and via suppression of glucagon secretion and suppressing appetite via a direct effect on hypothalamic neurones (Konner et al. 2007 , Boucher et al. 2014 .
The requirements for insulin biosynthesis mean that the secretory pathway in each b-cell is estimated to produce around one million molecules of insulin every minute . After translation, the preproinsulin polypeptide enters the ER, where it is folded in an oxidizing environment allowing for formation of three intramolecular disulfide bonds. A subsequent cleavage event in the ER forms proinsulin, which is then transported to the Golgi and packed into secretory granules. Proinsulin is a contiguous peptide with three intramolecular disulphide bonds; however, within the secretory granules proinsulin is proteolytically cleaved initially by prohormone convertase 1 or prohormone convertase 2, and then C-terminal basic residues are removed by carboxypeptidase E. Cleavage results in mature insulin consisting of the B and A chains held together by disulfide bonds plus the C-peptide that is co-secreted with insulin and has distinct biological effects. The importance of decreased proteolytic processing of insulin in T2D is discussed later in the review.
b-cell insulin secretion, depicted schematically in Fig. 1 , is regulated by sensing glucose at physiological concentrations via the membrane glucose transporter GLUT2, which transports glucose into b-cells (Uldry & Thorens 2004) . Glucokinase then rapidly and efficiently phosphorylates the glucose to glucose-6-phosphate (Lynedjian 2009 ), which then enters the glycolytic pathway to produce pyruvate, which enters the mitochondrial Krebs cycle to produce ATP. b-cell ATP production, therefore, is reflective of the concentration of glucose in the blood (Jensen et al. 2008 , Muoio & Newgard 2008 .
The membrane Kir6.2 Na C /K C ATPase channel maintains a relatively high intracellular concentration of K C , and b-cells use this gradient as a key step in the pathway of glucose-stimulated insulin secretion (GSIS). Increasing ATP levels in response to glucose closes the ATP-dependent K C channel resulting in a depolarization of the plasma membrane, which in turn activates a voltage-dependent Ca 2C channel. Consequently, the influx of Ca 2C stimulates preformed insulin vesicles to fuse with the plasma membrane and release their contents into the bloodstream, thereby resulting in insulin secretion commensurate with the increase in extracellular Major determinants of b-cell insulin biosynthesis and secretion. Insulin is synthesised in the secretory pathway and secretion is regulated by the concentration of extracellular glucose, which is taken up by the GLUT2 transporter and drives ATP production and closure of the KIR6.2 K C channel. This in turn leads to the depolarisation and influx of Ca glucose (Jensen et al. 2008 , Muoio & Newgard 2008 . Two mechanistically defined pools of insulin granules are found within the cell: a readily releasable pool close to the plasma membrane in which granules contain the SNARE proteins and other facilitators of exocytosis and a reserve pool lacking these factors. These distinct pools of vesicles are thought to account for the biphasic release of insulin. The first phase is fast and of short duration, due to the release of the readily releasable pool of insulin vesicles, and the second phase is more sustained and of longer duration, resulting from the reserve pool of insulin vesicles (Wang & Thurmond 2009 , Seino et al. 2011 . Although glucose is the major determinant of insulin secretion, GSIS is also potentiated by other factors, including regulation via other islet secretory cells and the intestinal tract. Glucagon-like peptide 1 (GLP1) and glucose-dependent insulinotropic polypeptide (GIP) are peptides secreted by islet a cells and intestinal enteroendocrine cells that, among their many roles, stimulate b-cell insulin secretion via G-protein coupled receptors (Nauck 2009 ). These hormones, known as incretins, ensure that a glucose load passing through the digestive tract produces greater insulin secretion than an i.v. glucose load, thereby potentiating postprandial insulin secretion (Nauck 2009 ). Activation of the GLP1 receptor activates adenylate cyclase generating cAMP, which activates protein kinase A (PKA), leading to phosphorylation events that mediate insulin secretion (Doyle & Egan 2007) . cAMP also activates guanine nucleotide exchange factors Epac1 and Epac2, which facilitate Ca 2C release from the ER (Doyle & Egan 2007) . In contrast, GIP activates ATP-dependent K C channels similarly to the glucose-stimulated pathway (Miki et al. 2005) . More recently, it has become recognised that other circulating factors can modulate insulin release via b cell G-protein coupled receptors. Examples include circulating fatty acids as ligands for GPR40 (Itoh et al. 2003) and GPR119 (Soga et al. 2005) . While GSIS temporarily reduces the number of stored insulin granules, particularly the mature granules, glucose and the incretins also stimulate insulin biosynthesis to replenish the granules between meals. Several transcription factors that regulate insulin transcription are glucose sensitive, including PDX1, MAFA and HMGA1, and this is enhanced by cAMP and PKA activation (Andrali et al. 2008 , Arcidiacono et al. 2014 . In addition to the stimulation of insulin gene transcription, glucose also stimulates insulin translation. The effect of glucose stimulation on insulin translation is both rapid and potent, with a tenfold increase in insulin biosynthesis within 20 min of a glucose stimulus (Wicksteed et al. 2007 ).
Thus, insulin secretion and biosynthesis are highly co-regulated processes that respond to both increasing blood glucose and signals from the intestinal tract.
The complex aetiology of T2D
T2D is typically a gradually progressive disease that most often, but not always, occurs in the context of obesity and declining responsiveness to insulin in target tissues (insulin resistance). Whereas most obese individuals develop insulin resistance, only a proportion of these individuals develop T2D. While insulin resistance and b-cell dysfunction are an intrinsically linked phenomenon, several lines of evidence, including genetic linkages from genome-wide association studies, have firmly focussed attention on the b-cell as the critical primary contributor to hyperglycaemia in T2D (Ashcroft & Rorsman 2012 , Rosengren et al. 2012 . In fact, development of therapeutics that address b-cell dysfunction is regarded by the pharmaceutical industry as the number one unmet need in T2D. Obese insulin-resistant individuals who do not develop diabetes manage to increase b-cell insulin production sufficiently to overcome the declining responsiveness in peripheral tissues. However, many individuals go through progressive phases of declining glycaemic control beginning with mild hyperglycaemia classified as prediabetes. Prediabetes and the early phases of diabetes are characterised by increasing, rather than decreasing, serum insulin and a progressive increase in serum proinsulin. Further progression of diabetes is accompanied by an increasing ratio of serum proinsulin:insulin and declining insulin secretion in response to glucose challenge. Importantly, glucose challenges show that first phase insulin secretion from the mature secretion-ready granules is the first to decline as diabetes progresses (Seino et al. 2011) . The complexity of insulin biosynthesis and release means that there are many potential contributors to defects in insulin release, and these factors, particularly those associated with b-cell oxidative and ER stress, are a major focus of this review.
Oxidative and ER stress in b-cell dysfunction
We argue that b-cell oxidative stress and ER stress are integral interconnected pathological features in T2D, contributing to aberrant insulin biosynthesis and secretion, immune activation and b-cell apoptosis (depicted schematically in Fig. 2 ). Oxidative stress occurs due to excess production or inadequate disposal of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that can have multiple deleterious effects on cellular metabolism. ER stress occurs when proteins in the secretory pathway misfold during biosynthesis, and the ensuing unfolded protein response (UPR) in b-cells can reduce insulin transcription and translation (Walter & Ron 2011) and initiate inflammation and apoptosis (Hasnain et al. 2012 . Oxidative and ER stress are closely entwined phenomena because oxidative stress can induce protein misfolding by disturbing the ER redox state and disrupting disulphide bond formation, and protein misfolding itself leads to the production of ROS (Cao & Kaufman 2014) . Thus, a deleterious cycle of b-cell dysfunction involving oxidative and ER stress, impaired secretory pathway function, b-cell apoptosis and local islet inflammation can progressively develop in T2D . Although b-cell oxidative and ER stress are well-accepted phenomena in a range of different animal models of T1D and T2D, unfortunately, the direct evidence from human disease is relatively scant and therefore less compelling (Marchetti et al. 2007 , Donath et al. 2009 , Cnop et al. 2012 , Marhfour et al. 2012 , Tersey et al. 2012 . However, one feature of human diabetic islets is an accumulation of b-amyloid, and this phenomenon has been linked with oxidative stress and apoptosis, in the absence of ER stress Schematic representation of the cycle of pancreatic islet endoplasmic reticulum (ER) stress and inflammation, which develops in diabetes, and its effects on glucose homeostasis. In obesity and the early stages of diabetes, high nutrient intake leads to increasing demands for insulin production and the development of mild insulin resistance and hyperglycaemia. In response, pancreatic b-cells increase the biosynthesis of insulin, which results in mild oxidative stress and ER stress, exacerbated by increases in circulating glucose and lipids, particularly non-esterified fatty acids. Oxidative stress and ER stress initiate chemokine production, and chemokines begin to activate inflammatory cells in the pancreatic islet microenvironment. With prolonged high nutrient intake, insulin resistance in the peripheral tissues continues to rise, requiring more insulin synthesis and secretion. b-cells develop increased oxidative and ER stress and chemokine release increases. Activated inflammatory cells produce cytokines that further drive oxidative and ER stress and disturb b-cell secretory pathway function. Activation of the unfolded protein response by acute ER stress suppresses insulin biosynthesis and secretion. However, in the chronic b-cell ER stress and islet inflammation seen in early diabetes, insulin synthesis is increased but perturbed, leading to the secretion of proinsulin, increasing the proinsulin:insulin ratio in blood impairing insulin receptor signalling and exacerbating hyperglycaemia. As diabetes progresses, insulin production falls and b-cell apoptosis increases, driving further defective glycaemic control. (Lenzen 2008 , Newsholme et al. 2012 , Cao & Kaufman 2014 , Keane et al. 2015 . ROS and RNS can be products of mitochondrial metabolism or can be produced in the cytoplasm, for example, by the enzymes NADPH oxidase and induced nitrogen oxide synthase (iNOS). Different ROS and RNS can also react; for example, NO % and O 2 %K can react to produce ONOO K , which is a very potent ER stress inducer. To regulate intracellular ROS and RNS, cells produce a range of detoxifying enzymes, and the balance between production and detoxification therefore determines intracellular ROS and RNS concentrations. Because of their high biosynthetic load and requirement for oxygen, b-cells are considered to be very sensitive to the overproduction of ROS and RNS, and oxidative stress is considered an important element of b-cell dysfunction in T2D and of b-cell depletion in T1D (Lenzen 2008 , Newsholme et al. 2012 , Cao & Kaufman 2014 , Keane et al. 2015 . In addition to causing ER stress, oxidative stress has multiple deleterious effects on b-cell function, including suppression of insulin transcription (Kaneto & Matsuoka 2015) . However, it has been proposed that the production of some ROS is necessary for signalling within b-cells and normal biosynthetic and secretory function (Jezek et al. 2012) . The triggers for b-cell oxidative stress are discussed in detail later in the review; below we focus on the consequences of ER stress for b-cell dysfunction.
ER stress and the UPR b-cells are professional secretory cells and therefore possess a well-developed ER to handle the large biosynthetic load. Some protein misfolding in the ER is inevitable, and misfolding multiplies with increasing protein complexity, so the ER has well-developed mechanisms to recognise and remove misfolded proteins that would otherwise accumulate. Proinsulin is quite susceptible to misfolding and estimates are that around 20% of proinsulin misfolds in a healthy b-cell, equating to around 200 000 misfolded proinsulin molecules every minute . However, the condition known as ER stress occurs only when protein misfolding increases beyond threshold levels, triggering a suite of signalling and transcriptional events known collectively as the UPR, which is engaged to restore ER homeostasis. In normal secretory cells there is likely to be an almost continuous low level of UPR activation, and in fact, two of the UPR transcription factors, X-box-binding protein 1 (XBP1) and activating transcription factor 6 (ATF6), have roles in ER biogenesis to enhance biosynthetic capacity, which is critical as secretory cells differentiate (Calfon et al. 2002 , Sriburi et al. 2007 , Bommiasamy et al. 2009 ). The episodic nature of insulin secretion and, to a lesser extent, biosynthesis probably results in episodic variation in this baseline UPR activation, although this has not been closely studied. UPR activation is primarily regulated by a heatshock protein/chaperone, GRP78 or BiP, which normally associates with and keeps inactive the three major ER-resident UPR pathway initiating molecules IRE1, PERK and ATF6. GRP78 engages with the exposed hydrophobic domains of misfolded proteins and, in the process, disassociates from IRE1, PERK and ATF6, triggering their activation and the downstream UPR, which is depicted schematically in Fig. 3 .
There are three main functional outcomes of the UPR: decreased translation, restoration of protein folding and ER-associated degradation (ERAD) of misfolded proteins (Walter & Ron 2011) . In addition to altering the ER, the UPR can have wider influences, and prolonged or severe ER stress can induce inflammation, autophagy and apoptosis. The ultimate goal of the UPR is to restore ER protein biosynthesis, but paradoxically, one initial step is a PERK-mediated phosphorylation of eIF2a, which suppresses translation of secretory proteins to relieve ER load (Harding et al. 1999) . Thus, the physiological response mechanism, while protecting the secretory cell from further ER stress, can have adverse physiological effects that, in the case of b-cell ER stress, would be a net reduction in insulin production and, hence, disposition to hyperglycaemia. Although this is a classically studied consequence of acute ER stress, the inhibition of translation cannot be maintained in secretory cells without ablating their primary function, and chronic ER stress, at least in the early phases of diabetes, is associated with hyperinsulinaemia, consistent with a net increase in insulin secretion across all b-cells. In addition to the inhibition of translation, PERK drives the expression of multiple genes by activation of transcription factors including ATF4 and CCAAT-enhancer-binding protein homologous protein (CHOP, also known as GADD34; Schroder & Kaufman 2006) . CHOP can be a stimulus for ER stress-induced apoptosis in multiple cell types, including b-cells (Marciniak et al. 2004) . Deletion of CHOP can result in a hypo-oxidizing environment and protects cells from ER stress-induced apoptosis (Oyadomari et al. 2002 , Marciniak et al. 2004 .
IRE1a is a ubiquitously expressed endoribonuclease that is activated by disengagement with GRP78 and direct recognition of misfolded proteins (Kimata et al. 2007 , Promlek et al. 2011 . IRE1a primarily targets the XBP1 mRNA, splicing of which results in the translation of the spliced-XBP1 transcription factor that drives the expression of ER chaperones, components of ERAD, and grows the capacity of the ER (Calfon et al. 2002 , Lee et al. 2003 . IRE1a can also selectively degrade the mRNA for secretory proteins in a process known as regulated IRE1-dependent decay and it is possible that strong IRE1 activation contributes to the eventual reduction of Figure 3 Key components of the unfolded protein response (UPR). The three major arms of the UPR are controlled by regulatory proteins located in the endoplasmic reticulum (ER) membrane: protein kinase-R-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1a) and activating transcription factor 6 (ATF6). Under homeostatic conditions, these proteins are bound by the chaperone GRP78 (also known as BiP). Protein misfolding and ER stress leads to the sequestration of Grp78 to the exposed hydrophobic domains of misfolded proteins and the activation of PERK, IRE1a and ATF6. PERK is a kinase that phosphorylates eukaryotic translation initiation factor 2 alpha (eIF2a) resulting in the selective inhibition of the translation of secretory pathway proteins, while promoting the translation of the transcription factor ATF4, that activates genes including C/EBP-homologous protein (CHOP), which drives apoptosis. IRE1a is an endoribonuclease that splices the mRNA transcript for X-box-binding protein 1 (XBP1), which then encodes a transcription factor that induces the expression of genes encoding proteins that restore ER homeostasis, including components of the ER-associated degradation (ERAD) pathway. IRE1a also degrades ribosomal mRNAs encoding secretory proteins in a process known as regulated IRE1-dependent decay (RIDD) and activates the c-Jun N-terminal kinase (JNK), which in turn induces inflammation and apoptosis. ATF6 translocates to the Golgi once activated, where it is cleaved by site 1/2 proteases (S1P and S2P), forming a transcription factor that translocates to the nucleus to activate genes encoding chaperones, ERAD components and XBP1.
preproinsulin biosynthesis in T2D (Hollien et al. 2009 , Benhamron et al. 2014 , Coelho & Domingos 2014 . ATF6 translocates from the ER to the Golgi after disengagement from GRP78, and in the Golgi, it is cleaved by Golgi-resident enzymes resulting in the release of the ATF6 transcription factor, which drives expression of GRP78, other ER resident chaperones and XBP1 to help restore ER homeostasis (Haze et al. 1999 , Yoshida et al. 2001 . There are two isoforms of ATF6, with ATF6a being the major driver of ER stress-induced gene expression but subjected to rapid degradation, whereas ATF6b may be a negative regulator of ATF6a (Thuerauf et al. 2007) .
Disturbed b-cell ER homeostasis causes diabetes
The most direct evidence that protein misfolding and ER stress in b-cells can cause diabetes comes from a syndrome called mutant INS-gene induced diabetes of youth (MIDY) involving misfolding mutations in the INS gene with 30 dominant mutations documented to date . The underlying cellular and molecular pathology has been most extensively explored in the Akita mouse model in which heterozygous mice carry a mutated Ins2 allele identical to a clinically reported missense mutation (Yoshioka et al. 1997) . Despite carrying one WT copy of Ins2 and two WT Ins1 alleles, diabetes develops early in life due to progressive b-cell apoptosis associated with proinsulin misfolding, b-cell ER stress and CHOP expression (Oyadomari et al. 2002) .
UPR activation is often used as a measure of ER stress, and because the UPR can induce inflammation and apoptosis, there is a tendency to equate UPR activation with deleterious consequences. However, lessons from both human monogenic diabetes and genetic models in mice show that a fully functioning UPR is required to maintain normal homeostasis in b-cells.
Wolcott-Rallison syndrome is a rare autosomal recessive disease caused by EIF2AK3 (encodes PERK) mutations with multiorgan dysfunction, including a characteristic neonatal diabetes characterised by b-cell depletion (Julier & Nicolino 2010 , Collardeau-Frachon et al. 2014 . Mice lacking PERK develop a similar phenotype, including early onset diabetes, showing defects in b-cell proliferation and differentiation and causing ER dilation, proinsulin accumulation, abrogation of insulin secretion and neonatal hyperglycaemia (Zhang et al. 2002 (Zhang et al. , 2006 . Interestingly, the depletion of PERK in adult mice did not substantially affect b-cell function or glycaemic control, suggesting PERK is most essential during b-cell differentiation (Zhang et al. 2002 (Zhang et al. , 2006 . Further studies, surprisingly, have indicated that the loss of PERK does not cause pathology as a result of uncontrolled protein biosynthesis due to the loss of the block in translation, but rather via impaired ER to Golgi trafficking and impaired removal and degradation of misfolded proteins from the ER (Gupta et al. 2010) . Mice carrying an eIF2a mutation, which prevents the PERK-mediated phosphorylation event that reduces secretory protein translation, show high rates of proinsulin synthesis that are not reduced by ER stress. Consequently, these mice develop diabetes and, in addition to increased proinsulin translation, show defective b-cell ER protein trafficking, increased ROS/RNS, reduced expression of b-cell-specific transcription factors and increased apoptosis ).
b-cell-specific deletion of Xbp1 results in ER distension, decreased formation of insulin granules, impaired proinsulin processing, reduced insulin secretion, increased serum proinsulin:insulin ratio and reduced b-cell proliferation, demonstrating the essential role of XBP1 in b-cell homeostasis (Lee et al. 2011) . This study also showed that the absence of Xbp1 resulted in hyperactivation of Ire1a, which can have non-Xbp1-mediated signalling effects, suggestive of a direct feedback mechanism. Atf6 knockout mice develop higher ER stress and reduced glycaemic control on high fat diets or when carrying the Akita Ins2 allele, although interpretation of these findings are clouded by effects in other tissues including the liver (Usui et al. 2012) . Nevertheless, in cultured murine insulinoma b-cells, silencing of Atf6 reduced Grp78 protein levels, activated c-Jun N-terminal kinase (Jnk) and increased apoptosis in the absence of stressors, suggesting that ATF6 is also involved in b-cell homeostasis (Teodoro et al. 2012) .
The Wolfram syndrome 1 (WFS1) protein provides an important dynamic and UPR-independent link between ER stress and regulation of insulin secretion. Over 100 different mutations in WFS1 result in Wolfram syndrome, which is a monogenic diabetes characterised by juvenile onset and progressive b-cell depletion. An impaired ER stress-response phenotype has been shown in human WFS1 b-cells differentiated from patient-derived pluripotent stem cells that, on exposure to ER stress, show impaired insulin processing and GSIS (Shang et al. 2014) . Another important consequence of ER stress is the depletion of ER Ca 2C , which results in increased protein misfolding and has been proposed as a UPR-independent trigger for the calpain-2-mediated apoptosis pathway in response to glucolipotoxicity and oxidative and ER stress (Hara et al. 2014 ). An ER membrane sarco(endo)plasmic reticulum ATPase (SERCA) is responsible for maintaining high concentrations of Ca 2C in the ER. Interactions between WFS1 and SERCA have been shown, with WFS1 appearing to be a negative inhibitor of SERCA by targeting it for proteosomal degradation (Zatyka et al. 2015) . ER stress also appears to disrupt the WFS1-SERCA interaction, perhaps as a mechanism to maintain ER Ca 2C , which could further impact Ca 2C -dependent insulin secretion (Zatyka et al. 2015) . Taken together, these findings suggest that any form of b-cell ER stress is likely to impair both insulin biosynthesis (via misfolding and the UPR block of translation) and insulin granule release (via altered SERCA degradation).
Pathological consequences of b-cell oxidative and ER stress
We argue that experimentally it is very hard to distinguish effects of oxidative stress and ER stress in b-cells because they are intrinsically entwined. Consequently, experimental studies inducing either oxidative or ER stress need to include considerations of both forms of stress and their biochemical and cellular consequences. Aside from effects on the ER, high concentrations of ROS and RNS can promote NF-kB activation, induce DNA damage and alter mitochondrial membrane potential, making cytochrome c release and apoptosis more likely (Lowell & Shulman 2005 , Supale et al. 2012 . While the adaptive UPR has evolved primarily to allow the cell to restore normal function in the secretory pathway and the evidence outlined above shows that UPR signalling is integral to b-cell homeostasis, there are multiple pathological consequences of the stress itself that, together with strong or prolonged UPR signalling, can explain much of b-cell dysfunction in T2D.
Intrinsic ER functions
Stress in the b-cell ER is likely to feature lower than optimal Ca 2C concentrations adversely affecting chaperone function, a higher than optimal oxidizing environment potentially affecting disulphide bond formation (and reduction of disulphide bonds as a necessary step in ERAD), progressive sequestration of chaperones to misfolded proteins and stress on the ERAD and ER to Golgi trafficking processes, which are heavily reliant on chaperones and movement of cargo by membrane-anchored proteins. The net effect of this disturbed environment for protein folding, processing and transport will be strain on the ability of the b-cell to manufacture, process and store sufficient insulin to cope with demand and to appropriately regulate insulin secretion. While in acute ER stress the PERK/eIF2a-mediated translation block would help restore homeostasis, in the state of chronic ER stress characteristic of evolving T2D, this does not appear to occur, suggesting that there is adaptation in the nature of the UPR or responsiveness to UPR signals. We should stress that increased insulin secretion at this time could be achieved not only by increased secretion in individual cells but also by the increase of b-cell mass or recruitment of more b-cells into secretion in response to each glucose load. The adaptation in the UPR is, of course, necessary; otherwise, b-cell insulin secretion and glycemic control would be rapidly abolished under conditions of continuing stress. Most in vitro experiments are conducted with relatively short durations of experimental stress, typically using strong triggers to induce a rapid response vs the chronic lower level stress likely to be encountered by b-cells in T2D (measured in months or years rather than hours), and thus care should be taken in extrapolating from in vitro data. In prediabetes and the early phases of diabetes, insulin hypersecretion is evident with progressive serum hyperinsulinaemia and hyperproinsulinaemia. Similarly, mice fed high fat diets show serum hyperinsulinaemia and hyperproinsulinaemia, and their islets hypersecrete insulin on ex vivo glucose challenge (Hasnain et al. 2014) . In chronic ER stress, quality control mechanisms that retain misfolded proteins in the ER are relaxed or overwhelmed, allowing misfolded proteins to move to the Golgi and be packaged for secretion . One sign of relaxed ER quality control is the accumulation of misfolded amyloid proteins in the extracellular space, and accumulation of b-amyloid in human pancreatic islets is a well-characterised feature of T2D that has been linked with oxidative stress, inflammatory signalling and apoptosis , Masters et al. 2010 , Jurgens et al. 2011 , Meier et al. 2014 . Relaxation or overwhelming quality control will not only allow secretion of protein products (albeit potentially inappropriately folded) but also reduce the burden on ERAD to dispose of misfolded proteins.
In direct contrast to the PERK-mediated translation block, the experimental overexpression of ATF4 and CHOP, which are both downstream of PERK, drives increased protein transcription, protein biosynthesis and oxidative stress, and it appears that ROS may be the major driver of apoptosis under these conditions (Han et al. 2013) . Although proinsulin may be particularly susceptible to misfolding, insulin represents !50% of the secretory pathway biosynthetic load of a b-cell and the consequences of increased misfolding, and reduced biosynthesis of other secretory proteins, including accessory proteins critical to insulin processing, transport, packaging and secretion, also warrants consideration.
Apoptosis ER stress-induced apoptosis has been the subject of a relatively intense focus due to the ability of UPR signalling to engage apoptosis, which is likely to have evolved as a mechanism for eliminating terminally stressed and virally infected cells. b-cell apoptosis ensues from strong prolonged triggers for ER stress in vitro including exposure to chemicals that directly cause protein misfolding such as tunicamycin (inhibitor of N-glycosylation in the ER) and thapsigargin (disturbs SERCA-mediated Ca 2C retention in the ER) or environmental factors such as cytokines and glucolipotoxicity (Oyadomari et al. 2002 , Contreras et al. 2003 , Cardozo et al. 2005 , Endo et al. 2006 , Ito et al. 2006 , Cunha et al. 2008 , Papa 2012 , Yang et al. 2013 . There are several mechanisms by which UPR signalling that is above a threshold drives b-cell apoptosis with the most important being PERK/ATF4-mediated activation of CHOP and IRE1a/TRAF2/ASK1-mediated activation of JNK (reviewed in Papa (2012)). While early evidence implicated caspase 12 as a critical effector of ER stress-induced apoptosis (Nakagawa et al. 2000 , Oyadomari et al. 2002 , CHOP induces the pro-apoptotic BCL2 family member BIM in b-cells (Puthalakath et al. 2007 , and hyperactivation of JNK induces apoptosis in b-cells by inhibiting anti-apoptotic BCL2 family members (Urano et al. 2000) . The deletion of CHOP reduces b-cell apoptosis in mouse models of T2D and MIDY, consistent with an important role (Oyadomari et al. 2002 , Song et al. 2008 . In contrast, in the non-obese diabetic model of autoimmune diabetes where ER stress has been shown to develop early in pathology prior to frank insulitis or the onset of diabetes (Tersey et al. 2012) , CHOP deficiency did not affect the development of insulitis, diabetes or apoptosis but did delay the appearance of insulin autoantibodies (Satoh et al. 2011) , suggesting either ER stress is not involved in triggering apoptosis or a CHOPindependent mechanism is involved. Activated PERK also inhibits the production of the anti-apoptotic protein, XIAP, and ATF4 increases XIAP degradation, potentially explaining the decreased threshold to apoptosis in ER-stressed cells (Hiramatsu et al. 2014) . ER stress can also induce autophagy, which in turn can lead to the induction of apoptosis, but autophagy is also an important mechanism for the removal of terminally misfolded proteins from the ER, and there are conflicting data regarding autophagy and ER stress-induced apoptosis , Lee 2014 ). b-cell-specific Atg7-null mice with impaired autophagy have reduced b-cell mass, mild ER stress, lower pancreatic insulin content and mild hyperglycaemia, and when crossed onto a leptin deficient background, they develop severe b-cell ER stress and diabetes (Quan et al. 2012) , demonstrating a critical role for autophagy in maintaining b-cell ER homeostasis. While it is clear experimentally that oxidative and ER stress can induce apoptosis in b-cells and that this process may be integrally involved in misfolding-induced apoptosis in MIDY, the significance of b-cell apoptosis in T2D remains a subject of debate and is addressed further later.
Inflammation
Another important consequence of oxidative and ER stress with strong or prolonged UPR signalling is the generation of inflammatory signals, a topic that we have recently reviewed elsewhere (Hasnain et al. 2012) . ROS and RNS can lead also to NF-kB activation in b-cells and to inflammasome activation thus driving b-cell interleukin 1 beta (IL1b) secretion (Menu et al. 2012) . A potential critical regulator of this process is the thioredoxin interacting protein (TXNIP), which binds thioredoxin, thereby inhibiting its oxidant scavenging and thiol-reducing capacity (Shalev 2014) . Deficiency of TXNIP protects b-cells from stress, mitochondrial dysfunction and inflammation in diabetes (Chen et al. 2008a (Chen et al. ,b, 2010 . However, TXNIP pathways are complex and there is emerging evidence that the UPR, via PERK and IRE1, regulates the expression of TXNIP, providing a direct molecular link between the regulation of ER stress and oxidative stress (Lerner et al. 2012 , Oslowski et al. 2012 . Providing another example of how cells respond to concomitant oxidative and ER stress, high cytosolic Ca 2C (due to ER leakage) and ROS can together induce NF-kB activation in a classical UPRindependent manner (Pahl & Baeuerle 1996) . In an action distinct from its enzymatic activity, the IRE1a cytoplasmic domain engages TNF-receptor activating factor 2 (TRAF2), which then binds NF-kB protein IkB kinase (IKK), leading to IkBa degradation and activation of NF-kB transcription factors (Kaneko et al. 2003) . NF-kB is a master regulator of inflammatory signalling, and thus, ER stress can induce genes encoding cytokines and chemokines in b-cells. IRE1/TRAF2 engagement can also induce activation of AKT and JNK with subsequent activation of downstream inflammatory pathways. It has also been proposed that suppression of translation mediated by PERK/eIF2a results in decreased translation of the inhibitory IkBa protein, therefore leading to NF-kB activation (Jiang et al. 2003 , Deng et al. 2004 . In response to ER stress caused by bacterial toxins, ATF6 also activates NF-kB via phosphorylation of AKT, independently of IRE1a (Yamazaki et al. 2009 ). Leakage of GRP78 into the cytoplasm during ER stress and a direct interaction between GRP78 and the IKK complex has been proposed as an additional UPRindependent mechanism linking ER stress to immune activation (Shkoda et al. 2007 ). In summary, there are multiple mechanisms that can lead oxidative and ER stress to inflammatory signalling and/or apoptosis in b-cells, which in turn will lead to the activation of local islet resident cells, including the macrophages that are intertwined with b-cells, dendritic cells, T cells, myofibroblasts and endothelial cells, as well as increased leukocyte recruitment from the blood (Toyama et al. 2003 , Coppieters et al. 2012 , Calderon et al. 2015 . Next, we address the complex environmental exposures that lead to b-cell stress in T2D.
Drivers of b-cell oxidative and ER stress in T2D
Although the evidence provided above highlights the importance of the appropriate function of b-cell intrinsic homeostatic factors to maintain b-cell secretory function, much of the b-cell dysfunction in sporadic T2D is initiated by environmental stressors. It is important to note that b-cell dysfunction is not a universal response to these stressors, and some genetic associations with susceptibility have now been reported (Haupt et al. 2009 ). In susceptible individuals, the most important non-b-cell-intrinsic contributors to b-cell oxidative and ER stress in T2D include an increased demand for insulin biosynthesis in response to hyperglycaemia due to high nutrient intake, peripheral insulin resistance and increased hepatic gluconeogenesis; glucolipotoxicity due to increased circulating concentrations of glucose and non-esterified fatty acids (NEFAs); and exposure to inflammatory factors sourced from islet resident secretory cells, leukocytes and stromal cells (Back & Kaufman 2012 , Cnop et al. 2012 , Papa 2012 . We argue that these factors combine to stress the b-cell secretory pathway and are interconnected in their pathophysiology, and we will discuss each in more detail below.
Increased insulin biosynthesis
Increasing pressure on b-cells to synthesise and secrete more insulin is an inexorable consequence of the progression of diabetes as glycaemic control progressively wanes. As discussed above, the chronic ER stress that develops with prediabetes and early diabetes is associated with increasing serum insulin, which is typically accompanied by decreasing intracellular stores of insulin in b-cells (Hasnain et al. 2014) . Under these conditions, the b-cells are manufacturing large quantities of insulin under suboptimal conditions within the ER and almost continuously secreting some insulin, although secretion still surges post-prandially. An important element of obesity and diabetes with relevance to b-cell ER health is the diminishing phases of 'rest' for the b-cell, which are likely to be important not just to replenish insulin granules for secretion but also to undertake ER housekeeping (removal of misfolded proteins, replenishment of chaperones and processing enzymes like protein disulphide isomerases and re-establishment of an appropriate Ca 2C concentration and oxidising environment). Evidence from partial pancreatectomies suggest that there are more islets than are required to secrete sufficient insulin for glycaemic control, and the net effect of over-sufficiency is likely to be less stress on individual b-cells. Although the degree of b-cell depletion in T2D is debated, loss of b-cells as diabetes progresses will place more biosynthetic strain on the remaining individual b-cells.
Glucolipotoxicity
The progressive hyperglycaemia experienced in T2D itself directly causes b-cell stress, which impairs b-cell function and survival due to glucotoxicity. When excessive glucose is available to the b-cell, unwarranted ROS and RNS are generated by several pathways, including mitochondrial production of O 2 K and induction of the NOS2 gene encoding iNOS catalysing production of NO, which also mediates b-cell responses to cytokines and NEFAs and can instigate apoptosis (Lenzen 2008 , Bensellam et al. 2012 . Elevated ROS perturbs insulin synthesis and secretion by decreasing the expression and activity of key transcription factors such as PDX1 and MAFA, which are involved in regulating insulin transcription, although as discussed earlier, glucose itself normally drives increased insulin transcription (Andrali et al. 2008 . Under high glucose conditions, it is possible that increased proinsulin biosynthesis may overwhelm the ER protein folding capacity leading to UPR activation. Long exposures (24 h) of b-cells to high glucose cause hyperactivation of IRE1a and splicing of XBP1, whereas acute exposure (1-3 h) to high glucose activates IRE1a without XBP1 splicing (Lipson et al. 2006) . Rat islets exposed to high glucose ex vivo also show UPR activation (Elouil et al. 2007 ).
Alongside hyperglycaemia, hyperlipidaemia is a characteristic feature of obesity and T2D, and chronically elevated circulating levels of NEFAs are putative mediators of progressive b-cell dysfunction and death in T2D. Consequently, the adverse consequences of glucose and lipids are often grouped together as glucolipotoxicity. In a clinical experiment using lipid infusions to raise circulating NEFA levels by twofold above the basal level, obese nondiabetic individuals showed a significant reduction in GSIS, whereas this did not deteriorate further in diabetics (Carpentier et al. 2000) . The NEFA palmitate has been widely used experimentally to induce both oxidative and ER stress in murine and human b-cells and islets (Cunha et al. 2008 , Cnop et al. 2010 , Hasnain et al. 2014 . High NEFA exposure results in the production of O 2 K and ONOO K by b-cell mitochondria and drives expression of NOS2 leading to the production of NO, thereby inducing oxidative and ER stress. Palmitate and the unsaturated fatty acid oleate also affect Ca 2C handling in the ER leading to protein misfolding and ER stress apparently independently of oxidative stress (Cnop et al. 2010) , although oleate causes much milder ER stress than palmitate (Cunha et al. 2008) . Other reports indicate that palmitate rapidly increases the saturated lipid content of the ER, which leads to compromised ER morphology and integrity resulting in ER stress, and interestingly, NEFA exposure causes ER stress in yeast demonstrating a fundamental mechanism not restricted to mammalian cells (Borradaile et al. 2006 , Pineau & Ferreira 2010 , Boslem et al. 2011 . Desaturation of palmitate with stearoyl coenzyme A desaturase 1 (SCD1) reduces palmitateinduced cell death, whereas deficiency increases apoptosis (Busch et al. 2005 , Thorn et al. 2010 , Green & Olson 2011 . Consistent with these in vitro observations, SCD1 levels are markedly reduced in Zucker diabetic fatty rats (Green & Olson 2011) , and deficiency of SCD1 in leptin-deficient obese mice worsens diabetes (Flowers et al. 2007) . In summary, both high glucose and high NEFAs induce oxidative stress in b-cells, which in turn can induce protein misfolding and ER stress, with NEFAs also directly causing ER stress by oxidative stress-independent mechanisms.
Much clinical data exists supporting the glucolipotoxicity concept. As outlined above, acute experiments with glucose and/or lipid loading decrease b-cell function in man. Conversely, acute reduction of glucolipotoxity with interventions such as energy restriction, bariatric surgery or early intensive insulin treatment induces significant restoration of b-cell function.
Cytokine-induced stress
Low level chronic inflammation within islets in the absence of conspicuous inflammatory infiltrates are characteristic of animal models and human T2D and is increasingly being recognized as an important contributor to b-cell dysfunction (Donath et al. 2009 , 2013 , Donath 2013 , Imai et al. 2013 . Unlike T1D, there is little evidence of significantly increased infiltration of T cells or NK cells into T2D islets and, therefore, activation of resident leukocytes, including macrophages and dendritic cells, is probably most important. Increased fibrosis is also a feature of T2D, and fibroblasts can be prodigious producers of innate cytokines (Powell et al. 1999 , Hayden et al. 2008 . Most of the focus on cytokines in T2D has been on a restricted set of cytokines implicated in diabetes pathology some time ago, namely, IL1b, IL6, TNFa and IFNg. There are two main areas of focus on the linkage between ER stress and inflammation: how ER stress induces inflammatory signalling by b-cells and how local inflammatory factors induce b-cell ER stress and ER-stress-induced apoptosis, although again the focus has usually been restricted to IL1b, TNFa and IFNg (Akerfeldt et al. 2008 , Gurzov et al. 2009 , Allagnat et al. 2010 , Chan et al. 2011 , 2012 , Kacheva et al. 2011 . Much of the ER stress induced by cytokines is likely attributable to the induction of oxidative stress via a variety of downstream pathways, the most notable being the induction of NOS2 and production of NO (Arnush et al. 1998 , Chan et al. 2011 , Ellingsgaard et al. 2011 , Kacheva et al. 2011 , Broniowska et al. 2013 . ROS such as H 2 O 2 can impair the action of the protein tyrosine phosphatases that are important elements of dampening signal pathways, including cytokine pathways (Merry et al. 2014 , Gurzov et al. 2015 . Therefore, oxidative stress can inherently amplify cytokine signalling in a forwardfeeding loop, perhaps explaining the development of stress in the presence of relatively low cytokine concentrations. However, there is experimental evidence suggesting that pathways unrelated to oxidative stress also mediate cytokine-induced ER stress in b-cells, although it must be said that this area is plagued by methodological difficulties and some of these results are open to alternative interpretations (Cardozo et al. 2005 , Chen et al. 2005 . Cytokines also have potentially deleterious effects on b-cells due to pathways unrelated to oxidative and ER stress, which need to be considered in the totality of their effects.
Recently, we undertook a screen using individual and combinations of 23 different cytokines for their ability to induce ER stress measured by a reporter gene for IRE1a activation/XBP1 splicing in murine MIN6N8 insulinoma cells. While this screen confirmed that cytokines like IL1b and IFNg initiate ER stress, we found there were other cytokines, not previously implicated in b-cell dysfunction, that were much more potent inducers of b-cell ER stress, most notably IL17, IL23, IL24 and IL33 (Hasnain et al. 2014) . In addition to activating IRE1a, we showed that these cytokines also activated PERK and ATF6, indicating all three major arms of the UPR were engaged. These cytokines also drove ER stress in murine and human islets cultured ex vivo. In our hands, using combinations of chemical inhibitors of ROS and RNS, we were able to nearly completely prevent ER stress induced by each of the major stress-inducing cytokines, confirming oxidative stress as the major driver of b-cell cytokine-induced ER stress (Hasnain et al. 2014) . Of course, these cytokines would need to be elevated in the islet to impact b-cells and we found their mRNA to be increased in islets from obese mice fed a high fat diet or with leptin receptor deficiency. Furthermore, our analysis of the largest published transcriptome analysis comparing T2D and healthy islets found that, among the 100 most upregulated genes in T2D, the differentially expressed cytokine and cytokine receptor genes were (in order of upregulation) those encoding the IL33 receptor, IL33, IL24, the IL1b decoy and cell surface receptors and the IL22 receptor (Hasnain et al. 2014) . We then treated high fat diet-fed obese mice for 2 weeks with neutralizing antibodies against IL23 and IL24 and demonstrated partial restoration of glycaemic control, similar to that previously demonstrated with IL1b neutralizing antibodies, accompanied by reduced serum hyperinsulinaemia and hyperproinsulinaemia and reduced pancreatic ER stress (Hasnain et al. 2014) . Although effects of neutralising these cytokines on non-pancreatic tissues cannot be excluded from contributing to the restoration of glycemic control, these findings suggest that a more thorough examination of the totality of inflammatory drivers of b-cell function in T2D is required. Potential therapeutic opportunities related to cytokine-mediated ER stress are discussed in the last section of the review.
b-cell intrinsic and local environmental factors that protect b-cells from oxidative and ER stress
Although b-cells have been regarded as being particularly susceptible to oxidative and ER stress (Lenzen 2008) , consideration should be given to the context in which these experiments have been conducted, which could possibly overestimate b-cell susceptibility. Most experiments (including ours described above) have been conducted with cultured, typically transformed b-cell lines lacking potentially vital local islet secreted factors and cellular interactions provided by stromal cells and leukocytes within islets. Cultured islets may more faithfully reproduce in vivo conditions, but these multicellular clusters start to degenerate physically and biochemically when isolated and cultured ex vivo. For example, little is known about the ramifications for islet leukocyte survival and activation in the context of islet cultures, and critical cell-cell interactions are likely to be substantially disturbed by isolation and culture (Peiris et al. 2014) . Although cytokines are likely to contribute to progressive loss of b-cell function, some cytokines may have advantageous effects and could be involved in b-cell homeostasis, particularly early in the disease process. For example, although much attention has been given to the deleterious effects of IL1b, low concentrations of IL1b promote b-cell proliferation and therefore may be critical to expanding b-cell mass in response to the requirement for increased insulin production (Maedler et al. 2006) . Recently, IL6 has been shown to stimulate GLP1 secretion by islet a-cells, thereby increasing b-cell insulin secretion (Ellingsgaard et al. 2011) . Our recent discovery that IL22 protects b-cells from oxidative and ER stress is described below, and the favourable therapeutic effects of IL22 are depicted in Fig. 4 .
In our studies described above that aimed to identify ER stress-inducing cytokines, when stress inducing-cytokines were combined, we found amplification of ER stress. This additivity is predictable given that we showed that these cytokines used differing downstream pathways to induce oxidative stress. However, more importantly, we discovered that IL10 and IL22 inhibited the development of ER stress driven by all of the stress-inducing cytokines, with IL22 acting more potently than IL10 (Hasnain et al. 2014) . IL10 and IL22 are part of the same subfamily of cytokines and share a common protein, IL10R2, in their heterodimeric cell surface receptors (Ouyang et al. 2011) . The IL10 receptor is ubiquitously expressed, and IL10 is a thoroughly studied immunoregulatory cytokine that is generally involved in maintaining tissue homeostasis and suppressing inflammatory responses, for example, in recovery postinfection. IL22 is a cytokine involved in homeostasis, microbial defence, inflammation and postinfection repair in the skin and mucosal tissues (Sabat et al. 2013) . IL22 signals via the IL22R1 receptor, which in humans and mice is expressed more highly in the pancreas than any other tissues. In the pancreas IL-22R1 is expressed in the exocrine secretory cells, but the highest levels are in the islet secretory a-, b-and d-cells (Shioya et al. 2008) . It is important to point out that, unlike most cytokines, including IL10, IL22 does not act on leukocytes as they lack the receptor. Despite the high receptor expression in a-and b-cells, functional studies of IL22 in the pancreas prior to our study were restricted to acute pancreatitis in the exocrine pancreas, demonstrating that exogenous IL22 suppresses inflammation (Feng et al. 2012 , Xue et al. 2012 . We have discovered that IL22 is a previously unrecognized potent endogenous paracrine regulator of b-cell function. IL22 suppresses b-cell production of ROS and NO initiated by cytokines, palmitate and even exogenous H 2 O 2 and consequently blocks ER stress. Similarly, we also showed that IL22 has a similar protective effect in mouse and human islets and, by blocking IL22 signalling with antibodies against IL22R1, we have demonstrated that endogenous IL22 suppresses oxidative stress and ER stress in normal murine and human islets (Hasnain et al. 2014) . Thus, IL22 is an important modulator of healthy islet function. These data challenge the dogma that b-cells are highly susceptible to oxidative and ER stress because, given the physiological microenvironmental support by IL22, b-cells can be highly resistant to oxidative stress.
IL22 acts on b-cells via IL22R1 and downstream via both STAT1 and STAT3 transcription factors. In MIN6N8 cells, IL22 downregulates three oxidative stress-inducing genes: Nos2 (discussed above), Hsp90ab1 (involved in ONOO K production) and Fth1 (a carrier of Fe 3C ). Schematic representation of how IL22 treatment breaks the cycle of pancreatic islet ER stress and inflammation and restores glucose homeostasis in diabetes. IL22 acts to suppress b-cell oxidative stress via IL22 receptor-mediated activation of STAT1 and STAT3, thereby regulating key genes encoding proteins that degrade reactive oxygen species (ROS) and reactive nitrogen species (RNS) and suppressing genes encoding proteins that generate ROS and RNS. Resolution of stress improves insulin biosynthesis, leading to the release of an appropriate amount of insulin, suppression of proinsulin release and reduction of chemokine production.
Reduced chemokine release leads to less leukocyte recruitment, activation and cytokine secretion. Diminished production of stressor cytokines in the islet microenvironment further diminishes ER stress as well as oxidative stress, restoring high quality insulin release, which resolves hyperglycaemia and hyperinsulinaemia. Subsequently, peripheral insulin sensitivity is restored further depressing the demand for insulin, and glucose homeostasis is re-established. In addition, IL22 therapy reduces food intake, potentially via improved insulin-mediated hypothalamic control of appetite, which is also likely to contribute to the beneficial effects.
glutathione peroxidases and peroxiredoxins) (Hasnain et al. 2014) . IL22 alters these genes independently of oxidative stress and can therefore protect cells from subsequent stressors, distinguishing IL22 from the Nrf2 transcription factor that is induced by oxidative stress (Uruno et al. 2015) . Culture of islets from mice with highfat diet (HFD)-induced obesity with IL22 reduced ER stress, increased Sod2 and decreased Nos2, consistent with the effect on MIN6N8 cells. Islets from obese mice showed increased GSIS that returned to levels seen in non-obese islets when cultured in IL22 (Hasnain et al. 2014) . Treatment of obese mice with IL22 decreased islet ER stress, increased islet expression of Sod2 and suppressed Nos2, consistent with its effects on islets in vitro. Ex vivo cultured islets from IL22-treated obese mice had normalised insulin secretion, including reversal of the inappropriate secretion of proinsulin, paralleled by an almost complete reversal of serum hyperproinsulinaemia. Because increasing serum proinsulin correlates with increased insulin resistance and poor glycaemic control in obese mice and human diabetes, we assessed the functional quality of insulin by assessing glucose uptake in adipocytes. Stimulation of glucose uptake by insulin secreted by islets from obese mice was reduced by over two-thirds and returned close to that seen in islets from lean mice after in vivo IL22 therapy (Hasnain et al. 2014) .
The observations with IL22 suggests that the sensitivity of b-cells to ER stress is dependent on local environmental support and opens many questions about how this might be utilised to restore b-cell secretory function in T2D. However, there is much to learn about the sources of IL22 within islets and how production is regulated, as this may be a key to appropriate therapy. Although less potent, the role of IL10 should not be overlooked, and decreased IL10 production by macrophages within the islet could conceivably be involved in b-cell dysfunction in T2D. The beneficial effects of IL22 in murine models of diabetes has been replicated in another recent study with very similar findings including the resolution of glycaemic control accompanied by reduced fasting and fed serum insulin concentrations . However, these authors propose a different mechanism of action of IL22 based chiefly around improvements in insulin resistance. Although we describe improvements in insulin sensitivity, we also demonstrate complete restoration of glycaemic control prior to any improvement in insulin sensitivity (Hasnain et al. 2014) . Another study reports that IL22 can drive b-cell proliferation (Hill et al. 2013 ), but our unpublished data do not support this finding. Although our experiments suggest that the effects on b-cells could explain the major beneficial effects of IL22, we cannot exclude direct contributing effects outside the pancreas.
Relative contributions of a dysfunctional secretory pathway vs b-cell depletion in T2D
There is considerable debate about the relative contributions of the inability of individual b-cells to secrete sufficient insulin vs a progressive depletion of b-cells in T2D. While we have already detailed multiple pathways from oxidative and ER stress to apoptosis, there are somewhat divergent data about the extent of b-cell depletion in the human disease (Butler et al. 2003 , Rahier et al. 2008 , and we argue that dysfunctional insulin biosynthesis is the primary underlying feature of the disease. Evidence suggesting that b-cell depletion is not the primary problem in T2D include, as discussed earlier, the early phase of disease is characterised by insulin hypersecretion and inappropriate secretion of proinsulin; even the studies showing the highest amount of b-cell depletion are only w60% reduction and surgical removal of half the pancreas has a modest effect on glycaemic control (Menge et al. 2009 ); and bariatric surgery (Saliba et al. 2009 ), intense calorie restriction (Lim et al. 2011 , Jackness et al. 2013 ) and administration of GLP1R agonists (Samson & Garber 2013) restore glycaemic control and b-cell function. These data are relevant to the choice of therapeutic approaches and highlight that the b-cell dysfunction is likely to be reversible in many patients with T2D.
Our observations in obese mice treated with IL22 suggest that the poor quality of insulin secreted by the stressed b-cell is a major driver of hyperglycaemia. Our experiments with glucose uptake stimulated with the insulin secreted by cultured islets from obese mice suggest that much of the insulin is ineffective (Hasnain et al. 2014) . We propose that under conditions of chronic ER stress, ER quality control mechanisms are relaxed or overwhelmed and, consequently, misfolded proinsulin is released from the ER. Subsequently, much of this misfolded proinsulin is not recognised and processed by convertases into insulin, explaining the accumulation of proinsulin in stressed b-cells and the progressively increased secretion of proinsulin that mirrors the progression of diabetes. We further hypothesise that the secreted misfolded insulin and proinsulin is less efficacious at stimulating insulin receptor signalling, thus explaining its lower efficacy, which in turn exacerbates insulin resistance. Clearance of the misfolded insulin and proinsulin may also be reduced as this is a receptormediated process, further explaining the characteristic hyperinsulinaemia and hyperproinsulinaemia in the early phases of diabetes. Under this hypothesis, therapies that can rapidly rectify oxidative and ER stress in b-cells would rapidly restore glycaemic control without the requirement for greater biosynthesis and secretion of insulin, which is precisely what we observed when islets from obese mice were treated with IL22 in vitro or when obese mice were treated with IL22, with glycaemic control being achieved with lower insulin secretion under fasting and following glucose challenge, even in the face of persisting insulin resistance (Hasnain et al. 2014) . When high fat diet-fed or leptin receptor-deficient mice were treated with IL22, random fed blood glucose concentrations began to decrease within several days, consistent with a rapid reversal of b-cell dysfunction (Hasnain et al. 2014 ).
Oxidative and ER stress is reversible and presents therapeutic opportunities in T2D
Finally, we will address the therapeutic opportunities in T2D presented by b-cell dysfunction related to oxidative and ER stress beginning with a reflection on what effects current successful therapies have on the dysfunctional secretory pathway in the b-cell. Drugs that drive more insulin secretion, like the sulphonylureas, are likely to place more pressure on the secretory pathway in individual b-cells, and, consistent with this argument, this class of drug, although initially effective, is now considered to hasten the loss of b-cell function. In contrast, although GLP1 receptor agonists also promote insulin secretion, they do this in a glucose-dependent manner and may also directly protect b-cells from ER stress and promote proliferation (Yusta et al. 2006 , Tsunekawa et al. 2007 , Tortosa & Dotta 2013 . However, other data indicate that GLP1 receptor agonists also promote proinsulin secretion (Hasnain et al. 2014) and this may have longer-term deleterious consequences. Other drugs that decrease gluconeogenesis, such as metformin, increase glucose excretion, such as the SGLT2 inhibitors, or reduce peripheral insulin resistance, such as in thiazolidinediones, or the provision of exogenous insulin, should reduce the need for insulin biosynthesis and therefore indirectly relieve pressure on the b-cell secretory pathway, which is supported by evidence from clinical studies.
We finish by proposing potential approaches to more directly deal with b-cell dysfunction. However, it should be noted that many of these approaches could also affect the multiple organs involved in this disease, complicating the interpretation of experimental therapeutics. Additionally, while the focus of this review has been on b-cells, oxidative and ER stress also occurs in other islet secretory cells sharing the same microenvironment, most notably a-cells, and their consequent dysfunction could contribute to diabetes pathophysiology and be the target of successful therapies (Walker et al. 2011 , Akiyama et al. 2013 , Marroqui et al. 2015 . For example, in our studies of high fat diet-induced diabetes in mice, we observed substantial ER stress in a-cells that was corrected by IL22 therapy (Hasnain et al. 2014) . Although a-cells appear more resistant to ER stress-induced apoptosis (Marroqui et al. 2015) , ER stress could result in inappropriate secretion of glucagon, which drives hepatic gluconeogenesis. There is also evidence that chemokines released by a-cells can initiate macrophage infiltration, activation and cytokine release in the diabetic islet (Ehses et al. 2007 ).
Suppression of oxidative stress
We have argued that oxidative stress is a central driving feature of b-cell dysfunction, including ER stress, which raises the question as to why antioxidant therapies, many of which have been trialled, often to target complications of diabetes, have not been more successful clinically. Our proposition is that the antioxidant drugs used to date are highly unlikely to be able to combat the high levels of b-cell oxidative stress driven continuously by b-cell intrinsic and local environmental factors. One possible approach is to target NADPH oxidases with proof or principle preclinical studies suggesting that the targeting of NOX2 or NOX4 could improve b-cell function , Anvari et al. 2015 . Our observations that IL22 drives a strong intrinsic antioxidant program in b-cells that decreases production and increases degradation of ROS and RNS open a new pathway to promoting b-cell resilience to oxidative stress caused by lipids, cytokines and protein misfolding. In humans, the IL22 receptor is most highly expressed in the pancreatic islets but also has a relatively high expression in epidermal and mucosal epithelia and, to a lesser extent, in hepatocytes. There is a possibility that there will be deleterious 'off-target' effects, potentially including proliferation, in tissues such as the skin and gut mucosa where there is high IL22 receptor expression (Cobleigh & Robek 2013 , Kumar et al. 2013 , Rutz et al. 2013 , Sabat et al. 2013 . Consequently, approaches that drive local production of IL22 in the islets could be the key to safe therapy capitalising on the potent effect of this cytokine on b-cell stress.
Suppression of ER stress and UPR activation
Apart from reducing oxidative stress, there are other approaches that could potentially reduce either the ER stress itself or manipulate the UPR, which is responsible for driving ER stress-induced inflammatory signalling and apoptosis. One approach to reducing ER stress is the use of pharmacologically delivered chemical chaperone-like molecules, such as 4-phenylbutyric acid and tauroursodeoxycholic acid (TUDCA), to promote correct protein folding (Engin & Hotamisligil 2010) . These chaperones have been used with some success in some murine models of diabetes (Ozcan et al. 2006 , Luo et al. 2010 , Xu et al. 2010 , Engin et al. 2013 , and TUDCA has advanced to clinical trials in obesity in which it had a modest effect on insulin sensitivity (Kars et al. 2010 ). This approach is probably awaiting a new class of more effective chemical chaperones with a differing side effect profile. As discussed earlier, the UPR is integral to maintaining b-cell homeostasis, and therefore the use of drugs that manipulate the UPR is potentially fraught. Additionally, this approach may also inhibit 'beneficial' UPR in other tissues. Although inhibitors of PERK and IRE1a are available and have been used in vitro (Cross et al. 2012 , Harding et al. 2012 , there are no reports of successful resolution of b-cell dysfunction in diabetes in vivo with these drugs. Downstream targets of the UPR, particularly in the apoptosis pathway, provide alternative approaches with a lower risk of the exacerbation of ER stress (McKimpson et al. 2013) . New drugs with specific downstream targets are becoming available, such as Sephin1, which targets the regulatory subunit of the stress-induced eIF2a phosphatase and provides protection from misfolding stress in several murine genetic models of folding defects (Das et al. 2015) .
Suppression of islet inflammation
We have described inflammatory cytokines produced within the islet as substantial contributors to b-cell oxidative and ER stress, making the individual cytokines and the cells that produce them potential therapeutic targets. Proof of this principle is quite well established in animal models, particularly for IL1b, and we described above the identification of multiple other cytokines that should be considered as potential targets for T2D therapy. However, the degree of importance of cytokines for pancreatic islet dysfunction is less well established in human T2D. IL1b antagonists have been trialled in T2D with some efficacy, but overall with mixed results, suggesting that more appropriate patient stratification may be required (Cavelti-Weder et al. 2011 , 2012 , Rissanen et al. 2012 , Donath 2013 , Sloan-Lancaster et al. 2013 . Furthermore, the observation that multiple cytokines contribute to b-cell stress provides a possible explanation for the limited efficacy of IL1b antagonists in clinical trials and suggests that targeting several cytokines concomitantly may provide broader protection, although this is also more likely to increase adverse effects related to broad immunosuppression. The activation of cytokine-producing cells within the islets is likely to involve chemokine and other signals from stressed b-cells as well as systemic factors, such as the leakage of microbial products from the intestine. Gaining a deeper understanding of the immunopathology should open new opportunities to target the activation of and cytokine release by islet leukocytes and stromal cells.
In summary, in this review we have argued that oxidative stress and ER stress are entwined phenomena that are centrally placed in the progressive b-cell secretory pathway dysfunction characteristic of T2D. Although stress is driven by a complex array of environmental factors, it is reversible and open to the development of new therapeutic approaches that could be designed around natural programs driving antioxidant function in the b-cell. Importantly, such approaches are predicted to complement existing therapeutic strategies.
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